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1 INTRODUCTION 
1.1 Background 
Concrete box culverts are routinely installed under roadways in order to allow water 
drainage without affecting the motoring public. Unfortunately, these box culverts can also 
represent a hazard on the roadside when they do not extend outside of the clear zone and often 
require safety treatments in the form of roadside barriers. The most common safety barriers 
utilized to shield these areas are W-beam guardrail systems. However, low-fill culverts with less 
than 40 in. (1,016 mm) of soil fill prevent the proper installation of standard guardrail posts due 
to a lack of available embedment depth. Previous crash testing has shown that W-beam 
installations with shallow post embedment do not perform adequately and are prone to vehicle 
override [1]. Therefore, low-fill culverts require specialized guardrail systems to safely treat the 
hazard.  
Currently, two different types of guardrail systems are being used to treat cross-drainage, 
box culverts: 1) guardrail systems anchored to the top slab of the culvert and 2) long-span 
guardrail systems. Top-mounted guardrail systems typically consist of steel posts welded to base 
plates which are bolted to the top slab of the culvert. Anchoring the guardrail posts to the 
culvert’s top slab ensures that the post will provide the lateral stiffness necessary for the barrier 
to contain and safely redirect errant vehicles. One such system developed at the Midwest 
Roadside Safety Facility (MwRSF) incorporated W6x9 (W152x13.4) steel posts spaced 37½ in. 
(953 mm) on center, a 27¾-in. (705-mm) top rail height, a deformable ½-in. (13-mm) base plate, 
and four 1-in. (25-mm) diameter threaded anchors [2-4], as shown in Figure 1. The system was 
successfully tested to the safety performance criteria of National Cooperative Highway Research 
Program (NCHRP) Report No. 350 [5]. 
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A similar system developed by the Texas Transportation Institute (TTI) was configured 
to satisfy the more demanding safety performance criteria from the American Association of 
State Highway and Transportation Officials (AASHTO) Manual for Assessing Safety Hardware 
(MASH) [6]. The system utilized W6x9 (W152x13.4) steel posts spaced 75 in. (1,905 mm) on 
center, a thicker, ⅞-in. (22-mm) base plate, and a 31-in. (787-mm) top rail height [7], as shown 
in Figure 2. Both top-mounted guardrail systems described herein were designed for use with a 
minimum fill depth of 9 in. (229 mm) on the culverts. 
Although top-mounted guardrail designs provide a crashworthy treatment for culvert 
openings, they have disadvantages. Both of the crashworthy systems were crash tested with an 
18-in. (457-mm) lateral offset between the back of the post and the inside of the culvert 
headwall. MwRSF later recommended a 10-in. (254-mm) minimum offset following an analysis 
of the crash test’s high-speed video. This offset is necessary to allow the post to rotate back 
freely without contacting the headwall. If rotation is restricted by placing the post too close to the 
headwall, the posts can become snag points or climbing ramps and may result in vehicle 
instabilities [2]. However, this 10-in. (254-mm) lateral offset, coupled with the footprint of the 
system itself, results in the loss of over 4.5 ft (1.4 m) of traversable roadway width. Extending 
the culvert length another 4.5 ft (1.4 m) to gain back this loss in roadway width can drastically 
increase costs. Additionally, when these systems are impacted, the damaged posts must be 
replaced, similar to standard guardrail installations. However, the fill soil must be removed 
around damaged top-mounted posts to gain access to the anchor bolts. This soil removal and 
replacement after the new post is installed adds to repair time and labor costs. 
Long-span guardrail systems contain unsupported lengths of W-beam rail that span over 
the top of culverts. These barrier systems do not require attachment to the culvert, thus allowing 
the culvert and the barrier system to operate independently. One crashworthy system consists of 
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Figure 1. W-beam System Attached to Low-Fill Culverts Developed at MwRSF [2-4] 
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Figure 2. W-beam System Attached to Low-Fill Culverts Developed at TTI [7] 
February 12, 2014  
MwRSF Report No. TRP-03-277-14 
5 
100 ft (30.5 m) of nested, 12-gauge (2.66-mm thick) W-beam guardrail centered over a 25-ft 
(7.6-m) unsupported span length [8-10], as shown in Figure 3. A 27¾-in. (705-mm) top rail 
height was utilized for the entire system. Three wooden CRT posts were placed adjacent to and 
on both sides of the unsupported span length in order to prevent vehicle pocketing and snagging. 
This system was designed and successfully crash tested to NCHRP No. Report 350 safety 
performance criteria.  
 
Figure 3. NCHRP Report No. 350-Compliant Long-Span Guardrail System [8-10] 
The Midwest Guardrail System (MGS) long-span system is an updated version of the 
original system and was designed to satisfy MASH safety standards. The MGS long-span  
system maintained the 25-ft (7.6-m) unsupported span length and the use of six CRT posts, as 
shown in Figure 4. However, only a single layer of 12-gauge (2.66-mm thick) W-beam was 
utilized, the rail height was increased to 31 in. (787 mm), and the rail splices were moved to post 
mid-spans [11-12]. 
 
Figure 4. MASH-Compliant, MGS Long-Span Guardrail System [11-12] 
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Long-span guardrail systems do not require additional components for attachment to the 
culvert and provide a cost-effective method for shielding culverts. Further, long-span systems do 
not require an offset from the culvert and can be installed with the back of the post even with the 
interior face of the culvert headwall. Thus, long-span systems do not intrude into the roadway 
width as much as top-mounted systems. However, the NCHRP Report No. 350 long-span system 
utilizes double blockouts for a 16-in. (406-mm) total depth, while the MGS long-span system 
utilizes 12-in. (305-mm) deep blockouts. These blockout depths, in addition to the 8-in. (203-
mm) deep post, still result in a loss of nearly 4 ft (1.2 m) of traversable roadway width. Finally, 
long-span systems are limited to a maximum unsupported span length of 25 ft (7.6 m). Thus, box 
culverts with a width, or roadway length, greater than 25 ft (7.6 m) cannot be treated with current 
long-span W-beam systems. 
Although the weak-post, MGS bridge rail was not designed for use on culverts, it has 
some similarities to culvert-mounted barrier systems. The weak-post, MGS bridge rail 
incorporates 31-in. (787-mm) tall W-beam guardrail and attaches to concrete bridge decks 
(similar to concrete box culverts). The use of weak, S3x5.7 (S76x8.5) posts and the method of 
post attachment to the bridge deck make this system unique. The posts are installed into 
HSS4x4x⅜ (HSS 102 mm x 102 mm x 10 mm) steel sockets placed along the outside edge of the 
bridge deck. Each socket is attached to the bridge deck with a 1-in. (25-mm) diameter ASTM 
A307 vertical through-bolt and a bottom steel angle, as shown in Figure 5. The placement of the 
posts and sockets off the edge of the bridge deck, coupled with the use of 6-in. (152-mm) long, 
W-beam backup plates instead of blockouts, allows for minimal intrusion into the roadway and 
maximizes the traversable width [13-14].  
The use of weak S3x5.7 (S76x8.5) posts limits the load transferred to the bridge deck and 
prevents deck damage. During the successful MASH test level 3 (TL-3) crash testing program, 
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the posts were bent over while only minor cracking was observed in the bridge deck. Without 
significant damage to the deck or attachment sockets, repairs to an impacted system require only 
the removal of the damaged posts and rail segments, insertion of new posts, and attachment of 
new W-beam segments. Thus, repair to the system should be relatively quick and easy. Finally, 
the posts were spaced at half-post spacing, or 37½ in. (953 mm) on center. The combination of a 
weaker post and reduced post spacing makes the lateral stiffness and dynamic deflection of the 
weak-post, MGS bridge rail very similar to that observed for the standard MGS. Therefore, a 
stiffness transition is not required between the bridge rail and the adjacent MGS installations. 
   
 
Figure 5. Weak-Post, MGS Bridge Rail attached to Concrete Deck [13-14]. 
1.2 Objective 
The objective of this research effort was to develop a new W-beam guardrail system for 
use on low-fill culverts that satisfied the safety performance criteria of MASH TL-3. The new 
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guardrail system was to address the disadvantages of current culvert treatments by maximizing 
the traversable roadway width, providing an unrestricted system length, minimizing repair time 
and effort, and maintaining the ability to be utilized without a stiffness transition between 
upstream and downstream guardrails. Since the weak-post, MGS bridge rail provides these 
characteristics for concrete bridge decks, this study was focused on adapting the weak-post, 
MGS bridge rail for attachment to the outside face of culvert headwalls. 
1.3 Scope 
The first step in the research effort was to conduct a survey of the standard culvert 
headwall designs used throughout the states participating in the Midwest States Regional Pooled 
Fund Research Program in order to identify the critical culvert design based on structural 
capacity. A simulated critical culvert was then constructed at the MwRSF testing grounds. Next, 
the MGS bridge rail post-to-deck attachment was redesigned in order to accommodate anchorage 
to the exterior face of existing culvert headwalls. Four design options were fabricated, installed 
on the simulated culvert, and subjected to dynamic component testing. Testing was conducted in 
both the lateral and longitudinal directions to evaluate the performance of each design option 
under both critical loading scenarios. Finally, the results from the component tests were utilized 
to guide the selection of the final designs and make appropriate recommendations for future use. 
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2 SIMULATED CULVERT DESIGN 
In order to design a barrier attachment that would be applicable to a wide range of 
culverts, a critical culvert configuration needed to be identified. Thus, a survey was conducted to 
gather the current culvert standards and system drawings from the state departments of 
transportation (DOTs) within the Midwest States Regional Pooled Fund Program. The survey 
sought to obtain design details such as top slab thickness, headwall width, headwall height, and 
steel reinforcement configurations for both the top slab of the culvert and the headwall. Only the 
critical configurations (identified as the structurally weakest) were recorded from each state. The 
survey results are shown in Table 1. 
The critical dimensions and reinforcement configurations vary depending on the height 
and width of the culvert as well as the fill depth on top of the culvert. However, only box culvert 
details with a cell width greater than 9 ft (2.7 m) and fill depths less than 2 ft (0.6 m) were 
considered. The minimum cell width was based on culverts that would exceed the 25 ft (7.6 m) 
maximum unsupported guardrail length of the MGS long-span system [11] and would, therefore, 
require an anchored post system. For the common triple box style culvert installation, an 8 ft (2.4 
m) cell width results in a total length of only 24 ft (7.3 m). Thus, 9 ft (2.7 m) was set as the 
minimum cell width. The fill depth limitation was necessary to prevent large elevation 
differentials between the roadway and the top of the headwall, where the system was to be 
mounted. Thus, only minimal fill depths were desired, and most state DOTs list a minimum fill 
depth as less than 2 ft (0.6 m).  
For each of the component characteristics listed in the columns of Table 1, a weak 
configuration was selected for the final design. All of the selected dimensions and reinforcement 
patterns were common to at least three different states and were often the weakest of all the 
survey results. However, a few of the component characteristics contained a single weakest 
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configuration. In these instances, the outlier was ignored, and the next weakest of the 
configurations was selected for use in the final simulated culvert design.  
A simulated culvert was built at the MwRSF testing facility as per the selected critical 
design characteristics. The simulated culvert was configured with three adjacent cells, each with 
a width (or span) of 9 ft (2.7 m) and a total installation length of 28 ft (8.5 m). The simulated 
culvert was positioned such that the top of the headwall was level with the top of the existing 
tarmac. A 9-in. (229-mm) deep soil fill was used to create a level ground surface for testing. To 
anchor the system, the lateral steel reinforcement in the top slab of the simulated culverts was 
extended and epoxied into the tarmac, as shown in Figure 6. 
The top slab was 9 in. (229 mm) thick, and both a top and bottom layer of steel 
reinforcement was used. The longitudinal reinforcement (relative to the roadway) consisted of #5 
bars spaced 12 in. (305 mm) on center, while the lateral reinforcement consisted of #4 bars 
spaced 18 in. (457 mm) on center. The culvert headwall was 12 in. (305 mm) wide and extended 
9 in. (229 mm) above the slab for a total height of 18 in. (457 mm). The headwall contained four 
#4 longitudinal reinforcing bars and #4 transverse stirrups spaced on 12 in. (305 mm) centers. 
Detailed drawings and installation photographs of the simulated critical culvert are shown in 
Figures 6 through 10, and Figure 11, respectively. 
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Table 1. Survey Results of State DOT Standard Culvert Plans 
STATE 
CULVERT TOP SLAB CULVERT HEADWALL 
Thickness 
Longitudinal 
Reinforcement 
Transverse 
Reinforcement 
Height Width 
Longitudinal     
Reinforcement 
Transverse 
Reinforcement 
Wyoming 9" 
Top Mat:  #4 @ 6" 
Bot. Mat: #4 @ 6" 
Top Mat:  #4 @ 12" 
Bot. Mat: #4 @ 18" 
9" + slab 12" 4 # 6 bars #4 stirrup @ 6" 
South Dakota NA NA 
Top Mat: #4 @12" 
Bot. Mat: #4 @12” 
9" + slab 12" 4 # 5 bars #4 stirrup @ 12" 
Nebraska 12" 
Top Mat:  #5 @ 10.5" 
Bot. Mat: #5 @ 10.5" 
Top Mat: #4 @18" 
Bot. Mat: #4 @12" 
9" + slab 12" 4 #4 bars #4 stirrup @ 18" 
Kansas 9" 
Top Mat: #5 @ 6" 
Bot. Mat: #7 @ 6" 
Top Mat: #5 @6" 
Bot. Mat: #4 @6" 
18” 
 
4 # 5 bars #4 stirrup @12" 
Missouri 11" 
Top Mat: #5 @ 14.5" 
Bot. Mat: #5 @ 6" 
Top Mat: #4 @24" 
Bot. Mat: #4 @24" 
9" + slab 20" 4 #8 bars #5 stirrup @12" 
Iowa 9" 
Top Mat: #5 @ 12" 
Bot. Mat: #5 @ 12" 
Top: #4 @18" 
Bot. Mat: #5 @12" 
24” 12" 4 #7 bars #4 stirrup @6" 
Minnesota 9" 
Top Mat: #4 @ 10" 
Bot. Mat: #5 @ 6" 
Top Mat:  #4 @ 12" 
Bot. Mat: #4 @ 12" 
12" + slab 12" 4 #4 bars #4 stirrup @12" 
Wisconsin 
Varies 
>7" 
Top Mat: #4 @ 12" 
Bot. Mat: #4 @ 12" 
Top Mat:  #4 @ 18" 
Bot. Mat: #4 @18" 
6" + slab 15" 4 #4 bars #3 stirrup @9" 
Illinois 9" 
Top Mat: #5 @ 18" 
Bot. Mat: #8 @ 6" 
Top Mat: #4 @12" 
Bot. Mat: #6 @12" 
9" + slab 12" 4 #6 bars #4 stirrup @6" 
Ohio 12" NA NA 9" + slab 12" 4 #6 bars #5 stirrup @12" 
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Figure 6. Simulated Culvert, System Layout 
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Figure 7. Simulated Culvert, Elevation View 
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Figure 8. Simulated Culvert, Headwall Reinforcement Details 
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Figure 9. Simulated Culvert, Rebar Details 
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Figure 10. Simulated Culvert, Bill of Materials 
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Figure 11. Simulated Culvert Photographs 
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3 BARRIER ATTACHMENT DESIGNS 
3.1 Design Criteria 
In order to avoid confusion between similar systems and allow State DOTs to stock a 
single component instead of two, the same post assembly from the weak-post, MGS bridge rail 
was to be used for the new guardrail-to-culvert attachment system. Thus, the same 44-in. (1,118-
mm) long S3x5.7 (S76x8.5) steel post equipped with ¼-in. (6-mm) thick standoff shim plates 
was utilized. Since all post dimensions remained the same, the same 4-in. x 4-in. x ⅜-in. (102-
mm x 102-mm x 10-mm) steel tube was utilized as the post socket, and the same ⅝-in. (16-mm) 
diameter bolt was utilized to hold the post in the socket. 
Due to the location of the bolt hole and shims on the post, the top of the socket had to 
remain at a distance of 30 in. (762 mm) from the top of the post. Thus, the top of the socket 
needed to extend 2 in. (51 mm) above the top of the culvert headwall just as the original socket 
design extended 2 in. (51 mm) above the bridge deck. Keeping the original socket height ensured 
the post would bend at the same point during impacts, thus providing the same resistance forces 
demonstrated during the successful MASH testing of the MGS bridge rail system. 
Recognizing that the barrier (i.e., post) resistance forces would be identical to the original 
system, the performance criteria for the new attachment design was very straightforward: 
transfer the plastic bending loads of the post to the culvert headwall without sustaining 
significant damage to the attachment hardware or the culvert. Significant damage would include 
large deformations in the socket assembly, steel tearing, weld failure, anchor pullout, and/or 
concrete cracking. This performance specification applied to impact loads in both the lateral 
(strong-axis bending) and longitudinal (weak-axis bending) directions.  
As stated in the objectives of this study, it was desired to maximize the traversable 
roadway width over the culvert. Thus, similar to the original bridge rail system, the sockets were 
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to be placed along the outside face of the culvert headwall. The attachment hardware could 
utilize the top, bottom, or inside surfaces of the headwall, but the socket and post had to remain 
adjacent to the outside face. Additionally, it was desired to have an attachment design that could 
be applied to both new and existing culverts. Thus, components could not be designed as cast 
into the culvert slab or headwall. Subsequently, all anchors had to be epoxied into the culvert, 
threaded into the culvert, or through bolted. 
3.2 Design Concepts 
Through brainstorming and preliminary design calculations, four socket-to-culvert 
attachment concepts were developed and subjected to dynamic testing and evaluation. These 
concepts were: 1) a top-mounted, single-anchor concept; 2) a top-mounted, double-anchor 
concept; 3) a wrap-around concept; and 4) two versions of a side-mounted concept. Each concept 
had a unique way of transferring impact loads to the culvert headwall in hopes of minimizing 
attachment and culvert damage. The design concepts are described in the following sections. 
3.2.1 Concept A: Top-Mounted, Single-Anchor 
Design Concept A was developed to be as similar as possible to the original MGS bridge 
rail attachment by utilizing a top mounting plate, gusset, and a single vertical anchor, as shown 
in Figures 12 through 18. Impact loads would be transferred into the culvert as a tensile force 
through the top mounting plate (or shear force through the vertical anchor) and a compression 
force at the bottom of the socket as it bears against the face of the headwall. However, small 
changes were implemented to minimize the risk of damaging the culvert or socket assembly. The 
top mounting plate was extended 2 in. (51 mm) to a length of 9½ in. (241 mm) in order reduce 
potential concrete cracking by moving the threaded anchor farther away from the edge of the 
headwall. Additionally, the plate thickness was increased from 
7
/16 in. (11 mm) to ½ in. (13 mm) 
to prevent plate tearing, and the anchor rod diameter was increased to 1⅛ in. (29 mm) to reduce 
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concerns for bearing failure. Finally, the length of the socket tube was extended 2 in. (51 mm) to 
16½ in. (419 mm) in order to increase the moment arm distance from the top mounting plate to 
the bottom attachment plate, thus resulting in reduced tension and compression forces under a 
constant bending moment. 
The original MGS bridge rail system utilized a through-bolt to anchor the top mounting 
plate to the bridge deck. In an effort to make the new system attachment applicable to existing 
structures, the bolt was replaced with a 1⅛-in. (29-mm) diameter, ASTM A307 Grade C 
threaded rod embedded 10 in. (254 mm) into the top of the culvert headwall using an epoxy with 
a minimum bond strength of 1,300 psi (9.0 MPa). During installation, the socket assembly would 
be lowered into position over the threaded rod. 
A ½-in. (13-mm) thick bottom mounting plate was welded to the lower-front face of the 
socket. Two ½-in. (13-mm) diameter, ASTM A307 Grade C threaded rods, one on each side of 
the socket tube, were utilized to attach the bottom mounting plate to the outside face of the 
headwall. The rods were embedded 4½ in. (114 mm) into the headwall using 1,300 psi (9.0 MPa) 
minimum bond strength epoxy adhesive. Two ⅝-in. (16-mm) wide slots were cut into the bottom 
mounting plate so that the socket assembly could be lowered into place over the threaded rods. 
Washers and nuts were used on each threaded rod to attach the socket to the headwall. The 
socket, mounting plates, and gusset plate were all fabricated from 50-ksi (345-MPa) steel. 
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Figure 12. Design Concept A: Top-Mounted, Single-Anchor Attachment 
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Figure 13. Design Concept A, Socket Assembly Details 
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Figure 14. Design Concept A, Tube and Bottom Mounting Plate Details 
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Figure 15. Design Concept A, Top Mounting Plate Details 
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Figure 16. Design Concept A, Post Assembly 
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Figure 17. Design Concept A, Bill of Materials 
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Figure 18. Design Concept A, Installation Photographs 
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3.2.2 Concept B: Top-Mounted, Double-Anchor 
Due to the design similarities with the original weak-post, MGS bridge rail, concerns 
arose that a single-anchor design would result in the same concrete cracking that occurred during 
full-scale crash testing of the MGS bridge rail. Therefore, the top-mounted, double-anchor 
concept was developed to better distribute the tensile force from the top mounting plate to the 
headwall and prevent shear concrete cracking. 
The only differences between the top-mounted, double-anchor design and the top-
mounted, single-anchor design are the top mounting plate dimensions and the use of a second top 
anchor rod, as shown in Figures 19 through 25. Two ¾-in. (19-mm) diameter, ASTM A307 
Grade C threaded rods spaced 6 in. (152 mm) apart were used to anchor the top mounting plate 
to the headwall. The top anchor rods were embedded 4½ in. (114 mm) into the headwall using an 
epoxy adhesive with a minimum bond strength of 1,300 psi (9.0 MPa), similar to the bottom 
anchor rods. Thus, both the diameter and the embedment depth of the top anchors were reduced 
by more than 50 percent from the single anchor attachment of Design Concept A. To 
accommodate the double anchors, the top mounting plate was flared from a 3 in. (76 mm) width 
adjacent to the socket to a 9 in. (229 mm) width around the anchors.  
Similar to Design Concept A, the top-mounted, double-anchor concept was installed by 
lowering the socket assembly over the epoxy-embedded, threaded rods. Washers and nuts were 
used on all four threaded rods to attach the socket to the headwall. The socket, mounting plates, 
and gusset plate were all fabricated with 50-ksi (345-MPa) steel. 
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Figure 19. Design Concept B: Top-Mounted, Double-Anchor Attachment  
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Figure 20. Design Concept B, Socket Assembly Details 
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Figure 21. Design Concept B, Tube and Bottom Mounting Plate Details 
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Figure 22. Design Concept B, Top Mounting Plate Details 
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Figure 23. Design Concept B, Post Assembly 
  
F
eb
ru
ary
 1
2
, 2
0
1
4
  
M
w
R
S
F
 R
ep
o
rt N
o
. T
R
P
-0
3
-2
7
7
-1
4
 
3
4
 
 
Figure 24. Design Concept B, Bill of Materials 
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Figure 25. Design Concept B, Installation Photographs 
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3.2.3 Concept C: Wrap-Around 
The wrap-around design concept was developed to further reduce the risk of concrete 
cracking and failure of the culvert headwall. The wrap-around concept incorporated an elongated 
top mounting plate that extended over the top of the headwall and continued down the inside 
face, as shown in Figures 26 through 32. This concept also removed all anchor hardware from 
the top of the culvert headwall. Although not prevalent during full-scale crash testing of the 
original MGS bridge rail system, preventing possible interactions between vehicle tires and the 
attachment hardware was considered a positive design aspect. 
The ½-in. (13-mm) thick top mounting plate maintained a 3-in. (76-mm) width 
throughout its length and was attached to the inside face of the headwall utilizing a ⅝-in. (16-
mm) diameter ASTM A307 Grade C threaded rod. The threaded anchor was necessary to keep 
the top plate in tension and prevent it from unfolding and releasing from the headwall. The 
bottom plate, bottom anchor rods, and socket tube configurations remained the same as used in 
the top-mounted designs. Washers and nuts were used on threaded anchors and the socket, 
mounting plates, and gusset plate were all fabricated with 50-ksi (345-MPa) steel. 
For the test installation, the top anchor rod was embedded 4½ in. (114 mm) into the 
headwall using an epoxy adhesive with a minimum bond strength of 1,300 psi (9.0 MPa). 
Consequently, the socket assembly had to be lowered into place before the top anchor was 
epoxied into the headwall. However, either a mechanical anchor or an epoxy-anchored threaded 
insert could have been used to make the installation of the socket assembly easier. Finally, 
Design Concept C required soil work to expose the inside face of the culvert headwall during 
installation, similar to the existing guardrail designs that mount to the culvert top slab. This 
additional soil movement may significantly add to installation costs as compared to the other 
concepts. 
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Figure 26. Design Concept C: Wrap-Around Attachment 
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Figure 27. Design Concept C, Socket Assembly Details 
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Figure 28. Design Concept C, Tube and Bottom Mounting Plate Details 
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Figure 29. Design Concept C, Top Mounting Plate Details 
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Figure 30. Design Concept C, Post Assembly 
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Figure 31. Design Concept C, Bill of Materials 
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Figure 32. Design Concept C, Installation Photographs 
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3.2.4 Concept D: Side-Mounted, Through-Bolted 
Design Concept D was developed to keep all attachment hardware on the outside face of 
the culvert headwall and prevent interactions between vehicle components and attachment 
hardware. The side-mounted design concept utilized a ½-in. (13-mm) thick top mounting plate, 
two ¼-in. (6-mm) thick gusset plates, and two ¾-in. (19-mm) diameter ASTM A307 threaded 
rods to anchor the top of the socket assembly, as shown in Figures 33 through 39. Gusset plates 
were added between the socket and the top mounting plate to prevent the plate from bending 
outward when the socket is subjected to high lateral loads. The top threaded rods were centered 
4½ in. (114 mm) from the top of the headwall to avoid interference with internal steel reinforcing 
bars that are typically placed near the top of the headwall. Finally, ¼-in. (6-mm) thick plate 
washers and nuts were used to anchor the top threaded rods on the inside face of the headwall for 
this through-bolted configuration.  
The bottom mounting plate and threaded rods remained largely unchanged from the 
previous design concepts. However, since the socket assembly was installed laterally instead of 
dropped in vertically, slotting the bottom mounting plate was unnecessary. Therefore, only ⅝-in. 
(16-mm) diameter holes were drilled into the bottom plate. 
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Figure 33. Design Concept D: Side-Mounted, Through-Bolted Attachment 
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Figure 34. Design Concept D, Socket Assembly Details 
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Figure 35. Design Concept D, Tube and Bottom Mounting Plate Details 
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Figure 36. Design Concept D, Top Mounting Plate Details 
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Figure 37. Design Concept D, Post Assembly 
  
F
eb
ru
ary
 1
2
, 2
0
1
4
  
M
w
R
S
F
 R
ep
o
rt N
o
. T
R
P
-0
3
-2
7
7
-1
4
 
5
0
 
 
Figure 38. Design Concept D, Bill of Materials 
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Figure 39. Design Concept D, Installation Photographs 
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3.2.5 Concept D2: Side-Mounted, Epoxy-Anchored 
Design Concept D2 was identical to Design Concept D except that the top anchor rods 
were epoxied into the headwall instead of passing through and being fastened to the inside face 
of the headwall. An epoxy with minimum bond strength of 1,300 psi (9.0 MPa) was used to 
embed the anchor rods 9 in. (229 mm) into the headwall, as shown in Figures 40 through 46. 
Thus, the anchor rods were shortened and the interior washer plates and nuts were eliminated 
from the through-bolted configuration. Further, the soil fill on the culvert did not have to be 
disturbed during installation.  
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Figure 40. Design Concept D2: Side-Mounted, Epoxy-Anchored Attachment  
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Figure 41. Design Concept D2, Socket Assembly Details 
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Figure 42. Design Concept D2, Tube and Bottom Mounting Plate Details 
  
F
eb
ru
ary
 1
2
, 2
0
1
4
  
M
w
R
S
F
 R
ep
o
rt N
o
. T
R
P
-0
3
-2
7
7
-1
4
 
5
6
 
 
Figure 43. Design Concept D2, Top Mounting Plate Details 
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Figure 44. Design Concept D2, Post Assembly 
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Figure 45. Design Concept D2, Bill of Materials 
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Figure 46. Design Concept D2, Installation Photographs 
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4 EVALUATION CRITERIA AND TEST CONDITIONS 
4.1 Testing Criteria 
New highway barriers must typically be subjected to full-scale crash testing and satisfy 
the MASH safety performance criteria in order to be deemed crashworthy. However, the original 
weak-post, MGS bridge rail had already satisfied the MASH TL-3 criteria, and this study 
focused only on adapting the original system for use on culvert headwalls. In fact, the W-beam 
rail, rail-to-post attachment hardware, mounting height, post assembly, and socket tube all 
remained unchanged from the original bridge rail. The only new components in these concepts 
were the attachment hardware utilized to mount the socket flush with the outside face of the 
culvert headwall. Further, the new attachments and anchorage pieces were designed to withstand 
impact loads and remain undamaged, while the post and rail components deform and absorb 
energy. If these new components were shown to withstand extreme loading conditions without 
damage to the socket assembly or the culvert headwall, the new weak-post guardrail attached to 
concrete box culvert systems would perform similarly to the original weak-post bridge rail. Thus, 
full-scale testing was deemed unnecessary, and the evaluation of the new design concepts was 
limited to dynamic component testing. 
4.2 Critical Impact Conditions 
During dynamic component testing, the design concepts were subjected to two critical 
loading conditions. The first involved a lateral impact (90-degree impact angle) on the post at a 
height of 24⅞ in. (632 mm), subjecting it to strong-axis bending. These impact conditions were 
selected to match the height to the center of the W-beam rail and represent maximum lateral 
loading into the guardrail system. Similar impact conditions are routinely used to observe the 
performance of guardrail posts installed in soil. The second critical test condition involved a 
longitudinal impact (0-degree impact angle) where a post was subjected to weak-axis bending. 
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The longitudinal impacts were conducted with a load height of 12 in. (305 mm) to simulate a 
small car bumper impacting posts during a redirection. This second impact was deemed critical 
because it induces high shear loads into the socket and may cause the socket to rotate. 
The location of the test articles on the culvert headwall was also critical as these impact 
tests were evaluating the propensity for damage to the both the socket and the culvert. Both the 
top slab and the culvert headwall are strengthened and stiffened at locations above the vertical 
support walls (both interior and end walls). Impact tests conducted over a support wall may not 
produce the same magnitude of damage that would occur elsewhere on the culvert. Therefore, all 
test articles were attached to the headwall at 1/3-span locations resulting in a 3-ft (0.9 m) offset 
between each post and the adjacent support wall, as shown in Figure 47. 
4.3 Scope 
Seven dynamic component tests were conducted on the various post and socket 
attachment configurations mounted to the simulated critical culvert described in Chapter 2. Each 
of the five design concepts was impacted laterally (causing strong-axis bending) with an impact 
height of 24⅞ in. (632 mm). Additionally, Design Concepts A and D2 were subjected to 
longitudinal impacts (weak-axis) with an impact height of 12 in. (305 mm). The target impact 
velocity was 20 mph (32 km/h) for all seven tests. The bogie testing matrix, which describes 
details for each test, is shown in Table 2. Material specifications for all construction materials 
used in the culvert and railing components are shown in Appendix A. 
4.4 Test Facility 
Physical testing of the post and socket assemblies mounted to a simulated culvert was 
conducted at the MwRSF testing facility, which is located at the Lincoln Air Park on the 
northwest side of the Lincoln Municipal Airport.  The facility is approximately 5 miles (8 km) 
northwest from the University of Nebraska-Lincoln’s city campus.  
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Figure 47. Locations of Test Articles on Simulated Culvert 
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Table 2. Bogie Testing Matrix 
Test No. 
Design 
Concept 
Description 
Target 
Impact 
Velocity  
(mph) 
Impact Angle  
Impact 
Height 
CP-1C C Wrap-Around 
20 mph 
(32 km/h) 
90° 
(lateral) 
24⅞ in. 
(632 mm) 
CP-2A A 
Top-Mounted,  
Single-Anchor 
20 mph 
(32 km/h) 
90° 
(lateral) 
24⅞ in. 
(632 mm) 
CP-3D D 
Side-Mounted, 
Through-Bolted 
20 mph 
(32 km/h) 
90° 
(lateral) 
(24⅞ in. 
(632 mm) 
CP-4B B 
Top-Mounted,  
Double-Anchor 
20 mph 
(32 km/h) 
90° 
(lateral) 
24⅞ in. 
(632 mm) 
CP-5D2 D2 
Side-Mounted, 
Epoxy-Anchored 
20 mph 
(32 km/h) 
90° 
(lateral) 
24⅞ in. 
(632 mm) 
CP-6D2 D2 
Side-Mounted, 
Epoxy-Anchored 
20 mph 
(32 km/h) 
0° 
(longitudinal) 
12 in. 
(305 mm) 
CP-7A A 
Top-Mounted,  
Single-Anchor 
20 mph 
(32 km/h) 
0° 
(longitudinal) 
12 in. 
(305 mm) 
 
4.5 Equipment and Instrumentation 
Equipment and instrumentation utilized to collect and record data during the dynamic 
component tests included a bogie vehicle, accelerometers, a retroreflective optical speed trap, 
high-speed and standard-speed digital video, and still cameras. 
4.5.1 Bogie 
A rigid-frame bogie vehicle was used to impact the post and socket assemblies. Two 
different impact heads were used in the testing. For the lateral impacts, the bogie head was 
constructed of 8-in. (203-mm) diameter, ½-in. (13-mm) thick standard steel pipe, with ¾-in. (19-
mm) neoprene belting wrapped around the pipe. This impact head was bolted to the bogie 
vehicle, creating a rigid frame with an impact height of 24⅞ in. (632 mm). For the longitudinal 
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impacts, the bogie head consisted of a 2½-in. x 2½-in. x 5/16-in. (64-mm x 64-mm x 8-mm) 
square tube mounted on the outside flange of a W6x25 (W152x37.2) steel beam with reinforcing 
gussets.  The impact head was bolted to the bogie vehicle, creating a rigid frame with an impact 
height of 12 in. (305 mm). Photographs of the bogie with both impact heads are shown in Figure 
48. The weight of the bogie with the addition of the mountable impact heads varied between 
tests, but was approximately 1,800 lb (815 kg). The bogie vehicle weight for each test is shown 
on the individual test summaries provided in Appendix B.  
   
          Lateral Impact Head           Longitudinal Impact Head 
 
Figure 48. Rigid-Frame Bogie Equipped with Lateral and Longitudinal Impact Heads 
The tests were conducted using a steel, corrugated-beam guardrail to guide the tire of the 
bogie vehicle as shown in Figure 48. A pickup truck was used to push the bogie vehicle to the 
targeted impact velocity of 20 mph (32 km/h). After reaching the target velocity, the push 
vehicle braked, allowing the bogie to be free rolling as it came off the track. A remote braking 
system was installed on the bogie, allowing it to be brought safely to rest after the test.  
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4.5.2 Accelerometers 
Two environmental shock and vibration sensor/recorder systems were used to measure 
the accelerations along the longitudinal axis of the bogie vehicle. Both accelerometers were 
mounted near the center of gravity of the test vehicles. The electronic accelerometer data 
obtained in dynamic testing was filtered using the SAE Class 60 Butterworth filter conforming to 
the SAE J211/1 specifications [15]. 
The first system, SLICE 6DX, was a modular data acquisition system manufactured by 
DTS of Seal Beach, California. The acceleration sensors were mounted inside the body of the 
custom built SLICE 6DX event data recorder and recorded data at 10,000 Hz to the onboard 
microprocessor. The SLICE 6DX was configured with 7 GB of non-volatile flash memory, a 
range of ±500 g’s, a sample rate of 10,000 Hz, and a 1,650 Hz (CFC 1000) anti-aliasing filter. 
The “SLICEWare” computer software programs and a customized Microsoft Excel worksheet 
were used to analyze and plot the accelerometer data. 
The second system, Model EDR-3, was a triaxial piezoresistive accelerometer system 
manufactured by IST of Okemos, Michigan. The EDR-3 was configured with 256 kB of RAM, a 
range of ±200 g’s, a sample rate of 3,200 Hz, and a 1,120 Hz low-pass filter. The “DynaMax 1 
(DM-1)” computer software program and a customized Microsoft Excel worksheet were used to 
analyze and plot the accelerometer data. 
4.5.3 Retroreflective Optic Speed Trap 
The retroreflective optic speed trap was used to determine the speed of the bogie vehicle 
before impact. Three retroreflective targets, spaced at approximately 18-in. (457-mm) intervals, 
were applied to the side of the bogie vehicle, and a light beam Emitter/Receiver was placed 
perpendicular to the path of bogie vehicle. When the emitted beam of light was reflected by the 
targets and returned to the Emitter/Receiver, a signal was sent to the Optic Control Box, which in 
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turn sent a signal to the data computer as well as activated the External LED box. The computer 
recorded the signals and the time each occurred. The speed was then calculated using the spacing 
between the retroreflective targets and the time between the signals. LED lights and high-speed 
digital video analysis are only used as a backup in the event that vehicle speeds cannot be 
determined from the electronic data. 
4.5.4 Digital Photography 
Two AOS X-PRI high-speed digital video cameras and two JVC digital video cameras 
were used to document each test. The AOS high-speed cameras each had a frame rate of 500 
frames per second and the JVC digital video cameras each had a frame rate of 29.97 frames per 
second. Both high-speed cameras were placed laterally from the post, with a view perpendicular 
to the bogie’s direction of travel. A Nikon D50 digital still camera was also used to document 
pre- and post-test conditions for all tests. 
4.6 End of Test Determination 
When the impact head initially contacts the test article, the force exerted by the surrogate 
test vehicle is directly perpendicular. However, as the post rotates, the surrogate test vehicle’s 
orientation and path moves further from perpendicular. This introduces two sources of error: (1) 
the contact force between the impact head and the post has a vertical component and (2) the 
impact head slides upward along the test article. Therefore, only the initial portion of the 
accelerometer trace may be used since variations in the data become significant as the system 
rotates and the surrogate test vehicle overrides the system. Additionally, guidelines were 
established to define the end of test time using the high-speed video of the impact. The first 
occurrence of either of the following events was used to determine the end of the test: (1) the test 
article fractures or (2) the surrogate vehicle overrides/loses contact with the test article. 
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4.7 Data Processing 
The electronic accelerometer data obtained in dynamic testing was filtered using the SAE 
Class 60 Butterworth filter conforming to the SAE J211/1 specifications [15]. The pertinent 
acceleration signal was extracted from the bulk of the data signals. The processed acceleration 
data was then multiplied by the mass of the bogie to get the impact force using Newton’s Second 
Law. Next, the acceleration trace was integrated to find the change in velocity versus time. Initial 
velocity of the bogie, calculated from the speed trap, was then used to determine the bogie 
velocity, and the calculated velocity trace was integrated to find the bogie’s displacement, which 
is also the displacement of the post. Combining the previous results, a force vs. deflection curve 
was plotted for each test. Finally, integration of the force vs. deflection curve provided the 
energy vs. deflection curve for each test. 
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5 COMPONENT TESTING RESULTS AND DISCUSSION 
5.1 Lateral Impact Testing Results 
One lateral impact test was conducted on each of the five attachment design concepts 
described in Chapter 3. The accelerometer data for each test was processed in order to obtain 
force vs. deflection and energy vs. deflection curves. Although both transducers produced similar 
results, the values described herein were calculated from the SLICE accelerometer. Weather 
conditions for each test as recorded by the National Oceanic and Atmospheric Administration 
(station 14939/LNK) are shown in Table 3. A summary of the testing results is shown in Table 4. 
Test results from each individual transducer are provided in Appendix B.  
Table 3. Weather and Atmospheric Conditions, Lateral Impact Testing 
Test No. 
Test 
Date 
Temp. 
(˚F) 
Hum. 
(%) 
Wind 
Speed 
(mph) 
Sky 
Conditions 
Pavement 
Surface 
Previous 
3-Day 
Precip. 
(in.) 
Previous 
7-Day 
Precip. 
(in.) 
CP-1C 6/27/2012 96 43 15 Clear Dry 0 0.84 
CP-2A 6/27/2012 99 39 14 Clear Dry 0 0.84 
CP-3D 6/29/2012 82 62 5 Overcast Dry 0 0.69 
CP-4B 6/29/2012 85 70 14 Clear Dry 0 0.69 
CP-5D2 7/31/2012 93 36 3 Clear Dry 0.02 0.33 
 
5.1.1 Test No. CP-1C 
During test no. CP-1C, the bogie impacted the post at a speed of 22.5 mph (36.2 km/h) 
and an angle of 90 degrees, causing strong-axis bending in the post. At 0.004 sec after impact, 
the top of the socket shifted backward about ⅛ in. (3 mm) as the top mounting plate was pulled 
tight against the inside face of the headwall. By 0.010 sec, a plastic hinge had formed in the post 
adjacent to the top-back edge of the socket. The post continued to bend over until the bogie 
overrode the post at 0.088 sec after impact.  
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Upon post-test examination, the socket and attachment hardware were found to be intact 
and free of plastic deformations. The slight lateral movement of the socket was not significant 
enough to require repairs if a new post was to be installed in the socket. Additionally, the culvert 
headwall was free of concrete cracking and spalling.  
Force vs. deflection and energy vs. deflection curves were created from the accelerometer 
data, as shown in Figure 49. The post and socket assembly provided a peak resistance of 8.4 kips 
(37.4 kN) and maintained a relatively constant force around 6 kips (27 kN) over the first 15 in. 
(381 mm) of deflection. The resistance then steadily decreased through the remainder of the test. 
The post and socket assembly absorbed 113.9 k-in. (12.9 kJ) of energy before the bogie overrode 
the post at a deflection of 31.5 in. (800 mm). Time-sequential photographs are shown in Figures 
50 and 51, while post-impact photographs are shown in Figure 52.  
 
 
Figure 49. Force vs. Deflection and Energy vs. Deflection, Test No. CP-1C 
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Figure 50. Time-Sequential Photographs, Test No. CP-1C 
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Figure 51. Additional Time-Sequential Photographs, Test No. CP-1C 
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Figure 52. Post-Impact Photographs, Test No. CP-1C 
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5.1.2 Test No. CP-2A  
During test no. CP-2A, the bogie impacted the post at a speed of 22.3 mph (35.9 km/h) 
and an angle of 90 degrees, causing strong-axis bending in the post. At 0.004 sec after impact, 
the top of the socket shifted backward about ⅛ in. (3 mm). This slight movement was attributed 
to construction tolerances as the hole in the top mounting plate had a slightly larger diameter 
than the anchor rod. By 0.008 sec, a plastic hinge had formed in the post adjacent to the top-back 
edge of the socket. The post continued to bend over until the bogie overrode the post at 0.084 sec 
after impact.  
Upon post-test examination, the socket and attachment hardware were found to be intact 
and free of plastic deformations. The slight lateral movement of the socket was not significant 
enough to require repairs if a new post was to be installed in the socket. Additionally, the culvert 
headwall was free of concrete cracking and spalling.  
Force vs. deflection and energy vs. deflection curves were created from the accelerometer 
data, as shown in Figure 53. The post and socket assembly provided a peak resistance of 8.3 kips 
(37.0 kN) and maintained a relatively constant force around 6 kips (27 kN) over the first 13 in. 
(330 mm) of deflection. The resistance then steadily decreased through the remainder of the test. 
The post and socket assembly absorbed 117.6 k-in. (13.3 kJ) of energy before the bogie overrode 
the post at a deflection of 29.4 in. (747 mm). Time-sequential photographs are shown in Figures 
54 and 55, while post-impact photographs are shown in Figure 56.   
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Figure 53. Force vs. Deflection and Energy vs. Deflection, Test No. CP-2A 
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Figure 54. Time-Sequential Photographs, Test No. CP-2A 
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Figure 55. Additional Time-Sequential Photographs, Test No. CP-2A 
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Figure 56. Post-Impact Photographs, Test No. CP-2A 
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5.1.3 Test No. CP-3D 
During test no. CP-3D, the bogie impacted the post at a speed of 22.0 mph (35.4 km/h) 
and an angle of 90 degrees, causing strong-axis bending in the post. By 0.008 sec, a plastic hinge 
had formed in the post adjacent to the top-back edge of the socket. The post continued to bend 
over until the bogie overrode the post at 0.084 sec after impact.  
Upon post-test examination, the socket and attachment hardware were found to be intact 
and free of plastic deformations. The socket did not appear to have translated, thus a new post 
could be installed in the socket without repairs. The through bolts and washer plates on the inside 
face of the headwall showed no signs of plastic deformation and the socket remained rigidly 
attached to the culvert. Additionally, the culvert headwall was free of concrete cracking and 
spalling.  
Force vs. deflection and energy vs. deflection curves were created from the accelerometer 
data, as shown in Figure 57. The post and socket assembly provided a peak resistance of 7.1 kips 
(31.6 kN) and maintained a relatively constant force around 6 kips (27 kN) over the first 12 in. 
(305 mm) of deflection. The resistance then steadily decreased through the remainder of the test. 
The post and socket assembly absorbed 113.8 k-in. (12.6 kJ) of energy before the bogie overrode 
the post at a deflection of 29.1 in. (739 mm). Time-sequential photographs are shown in Figures 
58 and 59, while post-impact photographs are shown in Figure 60. 
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Figure 57. Force vs. Deflection and Energy vs. Deflection, Test No. CP-3D 
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Figure 58. Time-Sequential Photographs, Test No. CP-3D 
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Figure 59. Additional Time-Sequential Photographs, Test No. CP-3D 
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Figure 60. Post-Impact Photographs, Test No. CP-3D 
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5.1.4 Test No. CP-4B 
During test no. CP-4B, the bogie impacted the post at a speed of 21.8 mph (35.1 km/h) 
and an angle of 90 degrees, causing strong-axis bending in the post. At 0.004 sec after impact, 
the top of the socket shifted backward about ⅛ in. (3 mm). This slight movement was attributed 
to construction tolerances as the holes in the top mounting plate had slightly larger diameters 
than the anchor rods. By 0.010 sec, a plastic hinge had formed in the post adjacent to the top-
back edge of the socket. The post continued to bend over until the bogie overrode the post at 
0.088 sec after impact.  
Upon post-test examination, the socket and attachment hardware were found to be intact 
and free of plastic deformations. The slight lateral movement of the socket was not significant 
enough to require repairs if a new post was to be installed in the socket. Additionally, the culvert 
headwall was free of concrete cracking and spalling.  
Force vs. deflection and energy vs. deflection curves were created from the accelerometer 
data, as shown in Figure 61. The post and socket assembly provided a peak resistance of 7.1 kips 
(31.6 kN) and maintained a relatively constant force around 6 kips (27 kN) over the first 15 in. 
(381 mm) of deflection. The resistance then steadily decreased through the remainder of the test. 
The post and socket assembly absorbed 122.4 k-in. (13.8 kJ) of energy before the bogie overrode 
the post at a deflection of 30.3 in. (770 mm). Time-sequential photographs are shown in Figures 
62 and 63, while post-impact photographs are shown in Figure 64.   
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Figure 61. Force vs. Deflection and Energy vs. Deflection, Test No. CP-4B 
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Figure 62. Time-Sequential Photographs, Test No. CP-4B 
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Figure 63. Additional Time-Sequential Photographs, Test No. CP-4B 
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Figure 64. Post-Impact Photographs, Test No. CP-4B 
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5.1.5 Test No. CP-5D2 
During test no. CP-5D2, the bogie impacted the post at a speed of 20.5 mph (33.0 km/h) 
and an angle of 90 degrees, causing strong-axis bending in the post. By 0.008 sec, a plastic hinge 
had formed in the post adjacent to the top-back edge of the socket. The post continued to bend 
over until the bogie overrode the post at 0.092 sec after impact.  
Upon post-test examination, the socket and attachment hardware were found to be intact 
and free of plastic deformations. The socket did not appear to have translated, thus a new post 
could be installed in the socket without repairs. The epoxied anchors held and showed no signs 
of slippage or pullout. Additionally, the culvert headwall was free of concrete cracking and 
spalling.  
Force vs. deflection and energy vs. deflection curves were created from the accelerometer 
data, as shown in Figure 65. The post and socket assembly provided a peak resistance of 7.9 kips 
(35.2 kN) and maintained a relatively constant force around 6 kips (27 kN) over the first 13 in. 
(330 mm) of deflection. The resistance then steadily decreased through the remainder of the test. 
The post and socket assembly absorbed 122.0 k-in. (14.6 kJ) of energy before the bogie overrode 
the post at a deflection of 28.7 in. (729 mm). Time-sequential photographs are shown in Figures 
66 and 67, while post-impact photographs are shown in Figure 68. 
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Figure 65. Force vs. Deflection and Energy vs. Deflection, Test No. CP-5D2 
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Figure 66. Time-Sequential Photographs, Test No. CP-5D2 
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Figure 67. Additional Time-Sequential Photographs, Test No. CP-5D2 
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Figure 68. Post-Impact Photographs, Test No. CP-5D2 
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5.2 Lateral Impact Testing Discussion 
All five of the lateral impact tests resulted in the posts bending about the strong axis at a 
location adjacent to the top-back edge of the socket. Plastic bending of the post continued until 
the bogie vehicle eventually overrode the post. None of the socket assemblies sustained 
significant damage in the form of plastic deformations, weld failures, or anchor pullouts. 
Additionally, the culvert and headwall remained free of concrete cracks and spalling during all of 
the tests. A summary of the lateral testing is shown in Table 4. 
Table 4. Summary of Lateral Impact Testing 
Test No. 
Impact 
Velocity 
mph 
(km/h) 
Peak 
Force 
kips 
(kN) 
Average Force 
kips 
(kN) 
Maximum 
Deflection1 
 in. 
(mm) 
Total 
Energy 
k-in. 
(kJ) 
Failure 
Mechanism 
@5" @10" @15" 
CP-1C 
22.5 
(36.2) 
8.4 
(37.4) 
3.5 
(15.6) 
4.9 
(21.8) 
5.3 
(23.6) 
31.5 
(800) 
113.9 
(12.9) 
Post 
Bending 
CP-2A 
22.3 
(35.9) 
8.3 
(36.9) 
3.6 
(16.0) 
4.9 
(21.8) 
5.3 
(23.6) 
29.4 
(747) 
117.6 
(13.3) 
Post 
Bending 
CP-3D 
21.97 
(35.4) 
7.1 
(31.6) 
4.3 
(19.1) 
5.3 
(23.6) 
5.4 
(24.0) 
29.1 
(739) 
113.8 
(12.9) 
Post 
Bending 
CP-4B 
21.8 
(35.1) 
7.1 
(31.6) 
3.9 
(17.4) 
5.0 
(22.3) 
5.5 
(24.5) 
30.3 
(770) 
122.4 
(13.8) 
Post 
Bending 
CP-5D2 
20.5 
(33.0) 
7.9 
(35.2) 
4.9 
(21.8) 
5.9 
(26.3) 
5.9 
(26.3) 
28.7 
(729) 
122.0 
(13.8) 
Post 
Bending 
1
 Maximum deflection measured when bogie overrode the post 
 
From the high-speed video analysis of the impacts, only slight lateral movements of the 
socket were documented for the two top-mounted concepts and the wrap-around concept (Design 
Concepts A, B, and C). These translations at the top of the sockets were attributed to the 
construction tolerances given to the attachment hardware (i.e., holes in the top mounting plates 
were slightly oversized and the wrap-around plate was slightly longer than the width of the 
headwall). None of the sockets shifted enough to affect the installment of a replacement post. 
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The recorded data from the onboard accelerometers was processed and analyzed to 
calculate force and displacement data as a function of time. Force vs. deflection and energy vs. 
deflection plots for the lateral impacts are shown in Figures 69 and 70, respectively. All force 
curves were very similar, which was expected given the same post bending occurred during each 
test. In fact, the average forces through 15 in. (381 mm) of deflection varied from one another by 
10 percent or less, and the total absorbed energies varied by less than 7 percent. Interestingly, the 
two top-mounted concepts and the wrap-around concept each had a large dip in resistance at 
about 3 in. (76 mm) of deflection. This drop coincides with the slight shifting of the top 
mounting plates described previously and explains why the results from the two side-mounted 
concepts showed much smaller force dips. 
After the completion of the lateral impact testing, it was clear that the weak-post system 
would not generate enough load to cause significant damage to the culvert headwall or any of the 
socket attachment configuration. Recall, the top-mounted, double-anchor concept and the wrap-
around concept (Design Concepts B and C) were developed due to concerns for possible damage 
to the culvert headwall. With these concerns alleviated, testing of these two design concepts was 
not continued. Further, the epoxy-anchor variation of the side-mounted concept proved easier to 
install than the through-bolted concept because it did not require removal of soil. Since both 
variations of the side-mounted design provided similar test results, testing of the through-bolt 
variation (Design Concept D) was also discontinued. Thus, only the top-mounted, single-anchor 
and the side-mounted, epoxy-anchored concepts (Design Concepts A and D2) were 
recommended for testing in the longitudinal direction.  
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Figure 69. Force vs. Deflection Plots from Lateral Impact Tests 
 
Figure 70. Energy vs. Deflection Plots from Lateral Impact Tests 
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5.3 Longitudinal Impact Testing Results 
Longitudinal impact tests were conducted on both Design Concepts A and D2. The 
assemblies previously tested in the lateral direction were reused for the longitudinal tests since 
they had not sustained any significant damage. The accelerometer data for each test was 
processed in order to obtain force vs. deflection and energy vs. deflection curves. Although both 
transducers that were utilized during testing produced similar results, the values described herein 
were calculated from the SLICE accelerometer. Weather conditions for each test as recorded by 
the National Oceanic and Atmospheric Administration (station 14939/LNK) are shown in Table 
5. A summary of the testing results is shown in Table 6. Test results from each individual 
transducer are provided in Appendix B. 
Table 5. Weather and Atmospheric Conditions 
Test No. 
Test 
Date 
Temp. 
(˚F) 
Hum. 
(%) 
Wind 
Speed 
(mph) 
Sky 
Conditions 
Pavement 
Surface 
Previous 
3-Day 
Precip. 
(in.) 
Previous 
7-Day 
Precip. 
(in.) 
CP-6D2 8/1/2012 92 41 6 Clear Dry 0.02 0.33 
CP-7A 8/2/2012 91 39 17 Clear Dry 0.02 0.27 
 
5.3.1 Test No. CP-6D2 
During test no. CP-6D2, the bogie impacted the post at a speed of 21.0 mph (33.8 km/h) 
and at an angle of 0 degrees, causing weak-axis bending in the post. At 0.004 sec after impact, 
the top of the socket shifted downstream about ⅛ in. (3 mm). This movement was attributed to 
construction tolerances as the holes in the mounting plates where slightly larger than the threaded 
rods anchoring the socket to the headwall. By 0.006 sec, a plastic hinge had formed in the post 
adjacent to the top-downstream edge of the socket. The post continued to bend over until the 
bogie overrode the post at 0.086 sec after impact.  
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Upon post-test examination, the socket and attachment hardware were found to be intact 
with only minimal plastic deformations at the top of the socket. The slight downstream 
movement of the socket was not significant enough to require repairs if a new post was to be 
installed in the socket. The epoxied anchors held and showed no signs of slippage or pullout. 
Additionally, the culvert headwall was free of concrete cracking and spalling.  
Force vs. deflection and energy vs. deflection curves were created from the accelerometer 
data, as shown in Figure 71. The low impact height of the longitudinal test caused significant 
vibrations in the bogie frame. However, the average forces recorded during the test were still 
accurate. The post and socket assembly provided an average resistance of 3.1 kips (13.8 kN) over 
the first 15 in. (381 mm) of deflection. The post and socket assembly absorbed 64.4 k-in. (7.3 kJ) 
of energy before the bogie overrode the post at 30.0 in. (762 mm) of deflection. Time-sequential 
photographs are shown in Figure 72, and post-impact photographs are shown in Figure 73. 
 
Figure 71. Force vs. Deflection and Energy vs. Deflection, Test No. CP-6D2 
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Figure 72. Time Sequential Photographs, Test No. CP-6D2 
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Figure 73. Post-Impact Photographs, Test No. CP-6D2 
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5.3.2 Test No. CP-7A 
During test no. CP-7A, the bogie impacted the post at a speed of 21.3 mph (34.3 km/h) 
and at an angle of 0 degrees, causing weak-axis bending in the post. At 0.004 sec after impact, 
the top of the socket shifted downstream about ¼ in. (6 mm). This movement was attributed to 
both construction tolerances and the 7½-in. (191-mm) distance between the socket and the top 
anchor which allowed some socket rotation prior to loading. By 0.008 sec, a plastic hinge had 
formed in the post adjacent to the top-downstream edge of the socket. The post continued to 
bend over until the bogie overrode the post at 0.090 sec after impact.  
Upon post-test examination, the socket and attachment hardware were found to be intact 
and free of plastic deformations. The slight downstream rotation of the top of the socket was not 
significant enough to require repairs if a new post was to be installed in the socket. The epoxied 
anchors held and showed no signs of slippage or pullout. Additionally, the culvert headwall was 
free of concrete cracking and spalling.  
Force vs. deflection and energy vs. deflection curves were created from the accelerometer 
data, as shown in Figure 74. The low impact height of the longitudinal test caused significant 
vibrations in the bogie frame. However, the average forces recorded during the test were still 
accurate. The post and socket assembly provided an average resistance of 3.8 kips (16.9 kN) over 
the first 15 in. (381 mm) of deflection. The post and socket assembly absorbed 85.6 k-in. (9.7 kJ) 
of energy before the bogie overrode the post at 31.6 in. (803 mm) of deflection. Time-sequential 
photographs are shown in Figure 75, and post-impact photographs are shown in Figure 76. 
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Figure 74. Force vs. Deflection and Energy vs. Deflection, Test No. CP-7A 
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Figure 75. Time-Sequential Photographs, Test No. CP-7A
  
1
0
3
 
F
eb
ru
ary
 1
2
, 2
0
1
4
  
M
w
R
S
F
 R
ep
o
rt N
o
. T
R
P
-0
3
-2
7
7
-1
4
 
  
 
  
 
Figure 76. Post-Impact Photographs, Test No. CP-7A 
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5.4 Longitudinal Impact Testing Discussion 
The longitudinal impacts resulted in very similar results to those of the lateral tests. Both 
of the longitudinal impact tests resulted in the posts bending about the weak axis at a location 
adjacent to the top-downstream edge of the socket. Plastic bending of the post continued until the 
bogie vehicle eventually overrode the post. None of the socket assemblies sustained significant 
damage in the form of plastic deformations, weld failures, or anchor pullouts. Additionally, the 
culvert and headwall remained free of concrete cracks and spalling during all of the tests. A 
summary of the lateral testing is shown in Table 6. 
Table 6. Summary of Lateral Impact Testing 
Test No. 
Impact 
Velocity 
mph 
(km/h) 
Peak 
Force 
kips 
(kN) 
Average Force 
kips 
(kN) 
Maximum 
Deflection1 
 in. 
(mm) 
Total 
Energy 
k-in. 
(kJ) 
Failure 
Mechanism 
@5" @10" @15" 
CP-6D2 
21.0 
(33.8) 
8.1 
(36.0) 
3.8 
(16.9) 
3.3 
(14.7) 
3.1 
(13.8) 
30.0 
(762) 
64.4 
(7.3) 
Post 
Bending 
CP-7A 
21.3 
(34.3) 
8.9 
(39.6) 
4.5 
(20.0) 
4.3 
(19.1) 
3.8 
(16.9) 
31.6 
(803) 
85.6 
(9.7) 
Post 
Bending 
1
 Maximum deflection measured when bogie overrode post. 
 
Both tests resulted in small downstream displacements at the top of the sockets. 
However, these displacements were limited to ¼ in. (6 mm) or less and did not affect the 
removal of the damaged post nor the installation of a new post. Thus, these displacements were 
deemed insignificant. 
The recorded data from the onboard accelerometers was processed and analyzed to 
calculate force and displacement data as a function of time. Force vs. deflection and energy vs. 
deflection plots for the longitudinal impacts are shown in Figures 77 and 78, respectively. The 
force curves are similar in magnitude and duration. However, ringing vibrations in the bogie 
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prevented the curves from matching up directly and caused the absorbed energies to deviate 
toward the end of the impact event. 
 
Figure 77. Force vs. Deflection Plots from Longitudinal Impact Tests 
 
Figure 78. Energy vs. Deflection Plots from Longitudinal Impact Tests 
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6 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
The objective of this project was to develop a new weak-post, W-beam guardrail system 
for attachment to culvert headwalls. This new system was developed by adapting the weak-post, 
MGS bridge rail system for attachment to culvert headwalls. Thus, the system was to utilize 
weak, S3x5.7 (S76x8.5) posts spaced 37½ in. (953 mm) on center and positioned within 
HSS4x4x⅜ (102-mm x102-mm x10-mm) steel socket tubes. However, the socket assembly and 
attachment hardware had to be modified in order for the system to be mounted to the outside face 
of culvert headwalls. 
Five attachment design concepts were explored through dynamic bogie testing: 1) a top-
mounted, single-anchor concept; 2) a top-mounted, double-anchor concept; 3) a wrap-around 
concept; 4) a side-mounted, through-bolt concept; and 5) a side-mounted, epoxy-anchored 
concept. During the first round of testing, all five concepts were subjected to a lateral impact 
(causing strong-axis bending in the post) at a height of 24⅞ in. (632 mm). The results from the 
lateral tests were very similar as all of the posts bent over just above the top of the sockets, all of 
the tests had similar force vs. deflection plots, and the socket assemblies, anchor rods, and 
concrete culvert were undamaged.  
After the completion of the lateral impact testing, it was clear that the weak-post system 
would not generate enough load to cause significant damage to the culvert headwall or any of the 
socket attachment design concepts. However, instead of continuing with testing of all five of the 
attachment variations, only the two design concepts that proved to be the easiest to install were 
recommended for longitudinal testing. These concepts were the top-mounted, single-anchor 
concept and the side-mounted, epoxy-anchored concept.  
Two longitudinal tests were then conducted with an impact height of 12 in. (305 mm) to 
represent small car bumpers impacting a post during redirection. The longitudinal tests exhibited 
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results similar to the lateral impact tests. The weak posts bent over adjacent to the top-
downstream edge of the sockets, while the socket assemblies, threaded anchors, and culvert 
headwall sustained no significant damage. Therefore, both the top-mounted, single-anchor 
concept and the side-mounted, epoxy-anchored concept (Design Concepts A and D2) were 
recommended for use in the new weak-post, guardrail attached to culvert system.  Complete 
drawings for the system are shown in Figures 79 through 92. 
Both attachment configurations mount the socket to the outside face of the culvert 
headwall. The S3x5.7 (S76x8.5) posts positioned off the edge of the culvert coupled with the 
system not requiring blockouts results in minimal barrier intrusion over the culvert and onto the 
roadway. Therefore, the traversable roadway width is maximized, while the culvert length is 
minimized. 
Unlike long-span guardrail systems [8-12], the new W-beam guardrail system attached to 
culverts is unrestricted in terms of system length and can be used to treat culverts over 25 ft (7.6 
m) in length. Additionally, the sockets are attached to the headwall using epoxy anchors, so the 
system can be installed on new or existing culvert structures. Since the socket assembly 
hardware and the culvert itself remained undamaged during the critical impact tests, repair to a 
damaged system would consist of simply removing damaged rail segments and posts, dropping 
replacement posts into the undamaged sockets, and bolting on new rail segments. 
Although the final drawing set illustrates only two of the original five attachment 
concepts, MwRSF has confidence in the ability of the other three design concepts to perform 
adequately in a system installation as well. Recall all concepts performed similarly during lateral 
testing, but the top-mounted, single-anchor concept and the side-mounted, epoxy-anchored 
concept were selected due to ease of installation and lowest amount of material costs. However, 
situations may arise with the side-mounted concept when bolting through a narrow headwall is 
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desired over the epoxy-anchored version. Although the socket may rotate slightly more 
downstream during longitudinal impacts due to the construction tolerances between the drilled 
hole and the threaded anchor, it should not affect the overall system performance nor prevent 
easy replacement of a damaged post. Additionally, situations may arise when the top-mounted, 
double-bolt or wrap-around concepts are desired to avoid interference with internal steel 
reinforcing bars. Depending on the width tolerance of the wrap-around concept, both of these 
may actually reduce the amount of socket displacement during longitudinal impacts compared to 
the top-mounted, single-bolt attachment. Therefore, under unusual situations, the roadside 
designer may utilize any of the attachment concepts. 
The test installations evaluated during this study utilized an epoxy adhesive with a 
specified minimum bond strength of 1,300 psi (9.0 MPa). Therefore, the W-beam, guardrail 
system attached to culverts can be installed using a wide variety of epoxy adhesives as long as 
the specified bond strength is at least 1,300 psi (9.0 MPa). Additionally, the design details and 
recommendations provided in this report are applicable for culverts with a minimum 
compressive concrete strength of f’c = 4 ksi (27.6 MPa). Culverts built with a weaker concrete 
strength may require increased embedment depths for the anchor rods. For these installations, the 
proper embedment depth can be calculated utilizing Appendix D of ACI-318, the concrete 
strength of the weaker culvert, and increasing the anchor embedment depth until the anchor 
strength matches the strength of the recommended design with f’c = 4 ksi (27.6 MPa). 
This barrier system was designed as part of a family of non-proprietary, 31-in. (787-mm) 
high, W-beam guardrail systems commonly referred to as the MGS. This new guardrail system 
attached to culverts was designed with a similar lateral stiffness and overall system performance 
to that observed for the original MGS. Therefore, a stiffness transition between the new guardrail 
attached to culvert system and adjacent standard MGS installations is unnecessary. A 75-in. (1.9-
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m) spacing is recommended between the last S3x5.7 (S76x8.5) culvert post and the first standard 
guardrail post of the adjacent MGS installation. The adjacent MGS may be either blocked or 
non-blocked. 
Guardrail post should not be placed too close to the upstream or downstream ends of a 
culvert. If a socket is placed near the end of a headwall, the attachment anchors may not have 
enough concrete cover to develop the required shear and/or tension loads. Thus, a minimum of 4 
in. (102 mm) should be used between a free end of a culvert headwall and the center of any 
attachment anchor. Additionally, to prevent interference with post rotation, the first standard 
guardrail post adjacent to the culvert should be placed a minimum of 12 in. (305 mm) from the 
culvert and any wingwalls that may be present. The 12 in. (305 mm) should be measured from 
the center of the post to the nearest edge of the headwall/wingwall. 
Although a critical culvert headwall was selected for use in the dynamic impact tests, 
care should be taken not to install this W-beam guardrail system attached to culverts on 
headwalls of significantly smaller size or reduced internal reinforcement. Installations on weaker 
structures may result in unwanted damage to the headwall in the form of concrete cracking and 
spalling. Additionally, the system was designed and evaluated for use on low-fill culverts with 
relatively flat grading. It is recommended that the system only be used with approach slopes of 
10H:1V or flatter. 
Finally, installations should be installed with the guardrail terminals (or end anchorages) 
located a sufficient distance from the culvert to prevent the two systems from interfering with the 
proper performance of one another. As such, the following implementation guidelines should be 
considered in addition to guardrail length of need requirements: 
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1. A recommended minimum length of 12 ft – 6 in. (3.81 m) of standard MGS 
between the first S3x5.7 (S76x8.5) weak post and the interior end of an acceptable 
TL-3 guardrail end terminal. 
2. A recommended minimum barrier length of 50 ft (15.2 m) before the first S3x5.7 
(S76x8.5) weak post, which includes standard MGS and a crashworthy guardrail 
end terminal. This guidance applies to the downstream end as well. 
3. For flared guardrail applications, a recommended minimum length of 25 ft (7.6 m) 
between the first S3x5.7 (S76x8.5) weak post and the start of the flared section (i.e. 
bend between flared and tangent sections). 
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Figure 79. Weak-Post, W-beam Guardrail System on Culverts, System Layout 
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Figure 80. Post Spacing and Rail-to-Post Attachment Details 
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Figure 81. Post Assembly Details 
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Figure 82. W-beam Rail, Backup Plate, and Attachment Hardware Details 
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Figure 83. Top-Mounted Configuration Details 
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Figure 84. Top-Mounted Configuration, Socket Assembly Details 
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Figure 85. Top-Mounted Configuration, Socket Assembly Components  
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Figure 86. Top-Mounted Configuration, Attachment Hardware Details 
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Figure 87. Top-Mounted Configuration, Bill of Materials 
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Figure 88. Side-Mounted Configuration Details 
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Figure 89. Side-Mounted Configuration, Socket Assembly Details 
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Figure 90. Side-Mounted Configuration, Socket Assembly Components 
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Figure 91. Side-Mounted Configuration, Attachment Hardware Details 
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Figure 92. Side-Mounted Configuration, Bill of Materials 
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8 APPENDICES 
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Appendix A. Material Specifications 
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Table A-1. Material Certification List, Simulated Concrete Culvert 
Part Description Material Specifications Material Reference 
Concrete Support Walls, 12"x36"x48" L4000 Type 3 mix, f'c ≥ 4,000 psi 
Ticket No. 1147496 
Test Report No. 2147362885 
Concrete Culvert Deck Slab, 332"x48"x9” L4000 Type 3 mix, f'c ≥ 4,000 psi 
Ticket No. 4132597 
Test Report No. 2147362886 
Concrete Culvert Headwall, 332"x12"x9” L4000 Type 3 mix, f'c ≥ 4,000 psi 
Ticket No. 1151056 
Test Report No. 2147362888 
#4 Bent Rebar, Support Wall Hook, 
44½" Total Length Unbent 
Grade 60 Heat No.: M668699 
#4 Straight Rebar, 41" Long Grade 60 Heat No.: M668699 
#4 Bent Rebar, Vertical Hoop, 
68¼" Total Length Unbent 
Grade 60 Heat No.: M668699 
#4 Straight Rebar, 54" Long Grade 60 Heat No.: M668699 
#5 Straight Rebar, 27'-8" Long Grade 60 Heat No.: K112473 
#4 Straight Rebar, 27'-8" Long Grade 60 Heat No.: M668699 
#4 Straight Rebar, 44" Long Grade 60 Heat No.: M668699 
Epoxy Min. Bond Strength 1,300 psi AC100+Gold C222 / April 2013 
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Table A-2. Material Certification List, Design Concept A, Test Nos. CP-2A and CP-7A 
Part Description Material Specifications Material Reference 
4"x4"x⅜" Steel Socket Tube ASTM A500 Grade B Heat No.: Y45608 
8"x3"x½" Bottom Mounting Plate ASTM A572 Grade 50 Heat No.: B1R6601 
½" Dia. UNC, 7" Long Threaded Rod SAE J429 Grade 2 Galvanized Grainger CoC Aug 3, 2012 
½" Dia. Hardened Round Washer ASTM F436 Galvanized Lot# 52386-01 
½" Dia. UNC Heavy Hex Nut ASTM A563A Galvanized Lot# 123792C 
9½"x3"x7/16" Top Mounting Plate ASTM A572 Grade 50 Heat No.: B1R6601 
2"x1½"x7/16" Top Mounting Plate Gusset ASTM A572 Grade 50 Heat No.: B1R6601 
1⅛" Dia. UNC, 13" Long Threaded Rod SAE J429 Grade 2 Galvanized Lot# 1012-143289-001-01- 
1⅛" Dia. Hardened Round Washer ASTM F436 Galvanized n/a 
1⅛" Dia. UNC Heavy Hex Nut ASTM A563A Galvanized Lot#156334 
S3x5.7 by 44" Long Steel Post ASTM A36 
Heat No.: G106836 and 
Heat No.:G104598/99 
2¾"x1"x¼" Post Standoff ASTM A36 Heat No.: B0X8426 
⅝" Dia. UNC, 5" Long Heavy Hex Bolt ASTM A325 Type 1 Galvanized Lot#142823 
⅝" Dia. UNC Heavy Hex Nut ASTM A563A Galvanized Lot#142823 
Epoxy Min. Bond Strength 1,300 psi AC100+Gold C293/May13 
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Table A-3. Material Certification List, Design Concept B, Test No. CP-4B  
Part Description Material Specifications Material Reference 
4"x4"x⅜" Steel Socket Tube ASTM A500 Grade B Heat No.: Y45608 
8"x3"x½" Bottom Mounting Plate ASTM A572 Grade 50 Heat No.: B1R6601 
½" Dia. UNC, 7" Long Threaded Rod SAE J429 Grade 2 Galvanized Grainger CoC Aug 3, 2012 
½" Dia. Hardened Round Washer ASTM F436 Galvanized Lot# 52386-01 
½" Dia. UNC Heavy Hex Nut ASTM A563A Galvanized Lot# 123792C 
9"x9"x7/16" Top Mounting Plate ASTM A572 Grade 50 Heat No.: B1R6601 
2"x1½"x7/16" Top Mounting Plate Gusset ASTM A572 Grade 50 Heat No.: B1R6601 
¾" Dia. UNC, 7" Long Threaded Rod SAE J429 Grade 2 Galvanized Grainger CoC Aug 3, 2012 
¾" Dia. Hardened Round Washer ASTM F436 Galvanized Lot#52389-01 
¾" Dia. UNC Heavy Hex Nut ASTM A563A Galvanized Lot#170277 
S3x5.7 by 44" Long Steel Post ASTM A36 Heat No.: G106836 
2¾"x1"x¼" Post Standoff ASTM A36 Heat No.: B0X8426 
⅝" Dia. UNC, 5" Long Heavy Hex Bolt ASTM A325 Type 1 Galvanized Lot#142823 
⅝" Dia. UNC Heavy Hex Nut ASTM A563A Galvanized Lot#142823 
Epoxy Min. Bond Strength 1300 psi AC100+Gold C020/August13 
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Table A-4. Material Certification List, Design Concept C, Test No. CP-1C  
Part Description Material Specifications Material Reference 
4"x4"x⅜" Steel Socket Tube ASTM A500 Grade B Heat No.: Y45608 
8"x3"x½" Bottom Mounting Plate ASTM A572 Grade 50 Heat No.: B1R6601 
½" Dia. UNC, 7" Long Threaded Rod SAE J429 Grade 2 Galvanized Grainger CoC Aug 3, 2012 
½" Dia. Hardened Round Washer ASTM F436 Galvanized Lot# 52386-01 
½" Dia. UNC Heavy Hex Nut ASTM A563A Galvanized Lot# 123792C 
20"x3"x7/16" Top Mounting Plate ASTM A572 Grade 50 Heat No.: B1R6601 
2"x1½"x7/16" Top Mounting Plate Gusset ASTM A572 Grade 50 Heat No.: B1R6601 
⅝" Dia. UNC, 7" Long Threaded Rod SAE J429 Grade 2 Galvanized Grainger CoC Aug 3, 2012 
⅝" Dia. Hardened Round Washer ASTM F436 Galvanized Lot#51614-01 
S3x5.7 by 44" Long Steel Post ASTM A36 Heat No.: G106836 
2¾"x1"x¼" Post Standoff ASTM A36 Heat No.: B0X8426 
⅝" Dia. UNC, 5" Long Heavy Hex Bolt ASTM A325 Type 1 Galvanized Lot#142823 
⅝" Dia. UNC Heavy Hex Nut ASTM A563A Galvanized Lot#142823, and Lot# 124738C 
Epoxy Min. Bond Strength 1300 psi AC100+Gold C293/May13 
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Table A-5. Material Certification List, Design Concept D, Test No. CP-3D  
Part Description Material Specifications Material Reference 
4"x4"x⅜" Steel Socket Tube ASTM A500 Grade B Heat No.: Y45608 
8"x3"x½" Bottom Mounting Plate ASTM A572 Grade 50 Heat No.: B1R6601 
½" Dia. UNC, 7" Long Threaded Rod SAE J429 Grade 2 Galvanized Grainger CoC Aug 3, 2012 
½" Dia. Hardened Round Washer ASTM F436 Galvanized Lot# 52386-01 
½" Dia. UNC Heavy Hex Nut ASTM A563A Galvanized Lot# 123792C 
10"x3"x½" Top Mounting Plate ASTM A572 Grade 50 Heat No.: B1R6601 
3"x3"x¼" Top Plate Gusset ASTM A572 Grade 50 Heat No.: B0X8426 
3"x3"x¼" Top Mounting Plate Washer ASTM A572 Grade 50 Heat No.: B0X8426 
¾" Dia. UNC, 16" Long Threaded Rod SAE J429 Grade 2 Galvanized Grainger CoC Aug 3, 2012 
¾" Dia. Hardened Round Narrow Washer ASTM F436 Galvanized Lot#52389-01 
¾" Dia. UNC Heavy Hex Nut ASTM A563A Galvanized Lot#170277 
S3x5.7 by 44" Long Steel Post ASTM A36 Heat No.: G106836 
2¾"x1"x¼" Post Standoff ASTM A36 Heat No.: B0X8426 
⅝" Dia. UNC, 5" Long Heavy Hex Bolt ASTM A325 Type 1 Galvanized Lot#142823 
⅝" Dia. UNC Heavy Hex Nut ASTM A563A Galvanized Lot#142823 
Epoxy Min. Bond Strength 1300 psi AC100+Gold C020/August13 
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Table A-6. Material Certification List, Design Concept D2, Test Nos. CP-5D2 and CP-6D2  
Part Description Material Specifications Material Reference 
4"x4"x⅜" Steel Socket Tube ASTM A500 Grade B Heat No.: Y45608 
8"x3"x½" Bottom Mounting Plate ASTM A572 Grade 50 Heat No.: B1R6601 
½" Dia. UNC, 7" Long Threaded Rod SAE J429 Grade 2 Galvanized Grainger CoC Aug 3, 2012 
½" Dia. Hardened Round Washer ASTM F436 Galvanized Lot# 52386-01 
½" Dia. UNC Heavy Hex Nut ASTM A563A Galvanized Lot# 123792C 
10"x3"x½" Top Mounting Plate ASTM A572 Grade 50 Heat No.: B1R6601 
3"x3"x¼" Top Plate Gusset ASTM A572 Grade 50 Heat No.: B0X8426 
¾" Dia. UNC, 11" Long Threaded Rod SAE J429 Grade 2 Galvanized Grainger CoC Aug 3, 2012 
¾" Dia. Hardened Round Narrow Washer ASTM F436 Galvanized Lot#52389-01 
¾" Dia. UNC Heavy Hex Nut ASTM A563A Galvanized Lot#170277 
S3x5.7 by 44" Long Steel Post ASTM A992 Grade 50 Heat No.: G104598/99 
2¾"x1"x¼" Post Standoff ASTM A36 Heat No.: B0X8426 
⅝" Dia. UNC, 5" Long Heavy Hex Bolt Bolt ASTM A325 Type 1 Galvanized Lot#142823 
⅝" Dia. UNC Heavy Hex Nut ASTM A563A Galvanized Lot#142823 
Epoxy Min. Bond Strength 1300 psi AC100+Gold C020/August13 
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Figure A-1. Culvert Support Wall Concrete, Mix Details 
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Figure A-2. Culvert Support Wall Concrete, Strength Test 
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Figure A-3. Culvert Deck Slab Concrete, Mix Details  
  
F
eb
ru
ary
 1
2
, 2
0
1
4
  
M
w
R
S
F
 R
ep
o
rt N
o
. T
R
P
-0
3
-2
7
7
-1
4
 
1
3
8
 
 
 
Figure A-4. Culvert Deck Slab Concrete, Strength Test 
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Figure A-5. Culvert Headwall Concrete, Mix Details  
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Figure A-6. Culvert Headwall Concrete, Strength Test 
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Figure A-7. Culvert Reinforcement, No. 5 Bars 
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Figure A-8. Culvert Reinforcement, No. 4 Bars 
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Figure A-9. 4x4x⅜-in. Steel Socket Tubes, Test Nos. CP-1 through CP-7 
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Figure A-10. Post Standoffs (Test Nos. CP-1 through7), Gusset Plates (CP-3, 5, and 6), and Washer Plates (CP-3) 
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Figure A-11. Top and Bottom Mounting Plates (Test Nos. CP-1 through 7) and Gusset Plates (CP-1, 2, 4, and 7) 
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Figure A-12. ½-in. Dia. Hardened Round Washer, Test Nos. CP-1 through 7 
 
Figure A-13. ⅝-in. Dia. Hardened Round Washer, Test No. CP-1 
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Figure A-14. 1⅛-in. Dia. UNC Threaded Rod and Washer, Test Nos. CP-2 and 7 
 
Figure A-15. 1⅛-in. Dia. UNC Heavy Hex Nut, Test Nos. CP-2 and 7 
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Figure A-16. ½-in. Dia. UNC Heavy Hex Nut, Test Nos. Test Nos. CP-1 through 7 
 
 
 
Figure A-17. ¾-in. Dia. UNC Heavy Hex Nut, Test Nos. CP-3 through 6 
  
February 12, 2014  
MwRSF Report No. TRP-03-277-14 
 
F
eb
ru
ary
 1
2
, 2
0
1
4
  
M
w
R
S
F
 R
ep
o
rt N
o
. T
R
P
-0
3
-2
7
7
-1
4
 
 
149 
 
 
Figure A-18. ⅝-in. Dia. UNC Heavy Hex Nut, Test No. CP-1 
 
 
 
Figure A-19. ⅝-in. 11x5 A325 Heavy Hex Bolt with Nut, Test Nos. CP-1 through 7 
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Figure A-20. ½-in. Dia UNC Threaded Rod (Test Nos. CP-1 through 7), ⅝-in. Dia UNC 
Threaded Rod (CP-1), and ¾-in. Dia UNC Threaded Rod (CP-3 through 6) 
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Figure A-21. ¾-in. Dia. Hardened Round Washer, Test Nos.CP-4 through 6 
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Figure A-22. S3x5.7 Steel Post, Test Nos. CP-1 through 4 
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Figure A-23. S3x5.7 Steel Post, Test Nos. CP-5 through 7 
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Appendix B. Bogie Test Results  
 
The results of the recorded data from each accelerometer for every dynamic bogie test are 
provided in the summary sheets found in this appendix. Summary sheets include acceleration, 
velocity, and deflection vs. time plots as well as force vs. deflection and energy vs. deflection 
plots. 
February 12, 2014  
MwRSF Report No. TRP-03-277-14 
155 
 
 
Figure B-1. Test No. CP-1C Results (EDR-3) 
Test Results Summary
Test Number: CP-1C Max. Deflection: 31.2  in.
Test Date: 27-Jun-2012 Peak Force: 8.4  k
Failure Type: Post Failure Initial Linear Stiffness: 1.9  k/in.
Total Energy: 121.9  k-in.
Post Type: Steel
Post Size: S3x5.7 S76x8.5
Post Length: 44 in. 111.8 cm
Embedment Depth: 16.5 in. 41.9 cm
Orientation: Strong Axis
Material: Steel
Configuration: Design C
Socket Size: 4"x 4"x 3/8"
Impact Velocity: 22.5 mph  (33 fps) 10.06 m/s
Impact Height: 25 in. 63.5 cm
Bogie Mass: 1775 lbs 805.1 kg
Acceleration Data: EDR-3
Camera Data: AOS-5 Perpendicular - 200"
Bogie Properties
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Figure B-2. Test No. CP-1C Results (SLICE) 
Test Results Summary
Test Number: CP-1C Max. Deflection: 31.5  in.
Test Date: 27-Jun-2012 Peak Force: 8.4  k
Failure Type: Post Failure Initial Linear Stiffness: 2.4  k/in.
Total Energy: 113.9  k-in.
Post Type: Steel
Post Size: S3x5.7 S76x8.5
Post Length: 44 in. 111.8 cm
Embedment Depth: 16.5 in. 41.9 cm
Orientation: Strong Axis
Material: Steel
Configuration: Design C
Socket Size: 4"x 4"x 3/8"
Impact Velocity: 22.5 mph  (33 fps) 10.06 m/s
Impact Height: 25 in. 63.5 cm
Bogie Mass: 1775 lbs 805.1 kg
Acceleration Data: SLICE
Camera Data: AOS-5 Perpendicular - 200"
Bogie Test Summary
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Figure B-3. Test No. CP-2A Results (EDR-3) 
Test Results Summary
Test Number: CP-2A Max. Deflection: 29.1  in.
Test Date: 27-Jun-2012 Peak Force: 8.2  k
Failure Type: Post Failure Initial Linear Stiffness: 1.4  k/in.
Total Energy: 125.2  k-in.
Post Type: Steel
Post Size: S3x5.7 S76x8.5
Post Length: 44 in. 111.8 cm
Embedment Depth: 16.5 in. 41.9 cm
Orientation: Strong Axis
Material: Steel
Configuration: Design A
Socket Size: 4"x 4"x 3/8"
Impact Velocity: 22.28 mph  (32.7 fps) 9.96 m/s
Impact Height: 25 in. 63.5 cm
Bogie Mass: 1775 lbs 805.1 kg
Acceleration Data: EDR-3
Camera Data: AOS-5 Perpendicular - 233"
Bogie Properties
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Bogie Test Summary
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Figure B-4. Test No. CP-2A Results (SLICE) 
Test Results Summary
Test Number: CP-2A Max. Deflection: 29.4  in.
Test Date: 27-Jun-2012 Peak Force: 8.3  k
Failure Type: Post Failure Initial Linear Stiffness: 2.8  k/in.
Total Energy: 117.6  k-in.
Post Type: Steel
Post Size: S3x5.7 S76x8.5
Post Length: 44 in. 111.8 cm
Embedment Depth: 16.5 in. 41.9 cm
Orientation: Strong Axis
Material: Steel
Configuration: Design A
Socket Size: 4"x 4"x 3/8"
Impact Velocity: 22.28 mph  (32.7 fps) 9.96 m/s
Impact Height: 25 in. 63.5 cm
Bogie Mass: 1775 lbs 805.1 kg
Acceleration Data: SLICE
Camera Data: AOS-5 Perpendicular - 233"
Bogie Test Summary
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Figure B-5. Test No. CP-3D Results (EDR-3) 
Test Results Summary
Test Number: CP-3D Max. Deflection: 28.9  in.
Test Date: 29-Jun-2012 Peak Force: 7.6  k
Failure Type: Post Failure Initial Linear Stiffness: 2.4  k/in.
Total Energy: 116.9  k-in.
Post Type: Steel
Post Size: S3x5.7 S76x8.5
Post Length: 44 in. 111.8 cm
Embedment Depth: 16.5 in. 41.9 cm
Orientation: Strong Axis
Material: Steel
Configuration: Design D
Socket Size: 4"x 4"x 3/8"
Impact Velocity: 21.97 mph  (32.2 fps) 9.82 m/s
Impact Height: 25 in. 63.5 cm
Bogie Mass: 1779 lbs 806.9 kg
Acceleration Data: EDR-3
Camera Data: AOS-5 Perpendicular - 198"
Bogie Test Summary
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Figure B-6. Test No. CP-3D Results (SLICE) 
Test Results Summary
Test Number: CP-3D Max. Deflection: 29.1  in.
Test Date: 29-Jun-2012 Peak Force: 7.1  k
Failure Type: Post Failure Initial Linear Stiffness: 3.0  k/in.
Total Energy: 113.8  k-in.
Post Type: Steel
Post Size: S3x5.7 S76x8.5
Post Length: 44 in. 111.8 cm
Embedment Depth: 16.5 in. 41.9 cm
Orientation: Strong Axis
Material: Steel
Configuration: Design D
Socket Size: 4"x 4"x 3/8"
Impact Velocity: 21.97 mph  (32.2 fps) 9.82 m/s
Impact Height: 25 in. 63.5 cm
Bogie Mass: 1779 lbs 806.9 kg
Acceleration Data: SLICE
Camera Data: AOS-5 Perpendicular - 198"
Bogie Test Summary
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Figure B-7. Test No. CP-4B Results (EDR-3) 
Test Results Summary
Test Number: CP-4B Max. Deflection: 30.1  in.
Test Date: 29-Jun-2012 Peak Force: 7.6  k
Failure Type: Post Failure Initial Linear Stiffness: 0.7  k/in.
Total Energy: 130.7  k-in.
Post Type: Steel
Post Size: S3x5.7 S76x8.5
Post Length: 44 in. 111.8 cm
Embedment Depth: 16.5 in. 41.9 cm
Orientation: Strong Axis
Material: Steel
Configuration: Design B
Socket Size: 4"x 4"x 3/8"
Impact Velocity: 21.77 mph  (31.9 fps) 9.73 m/s
Impact Height: 25 in. 63.5 cm
Bogie Mass: 1779 lbs 806.9 kg
Acceleration Data: EDR-3
Camera Data: AOS-5 Perpendicular - 161"
Bogie Test Summary
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Figure B-8. Test No. CP-4B Results (SLICE) 
Test Results Summary
Test Number: CP-4B Max. Deflection: 30.3  in.
Test Date: 29-Jun-2012 Peak Force: 7.1  k
Failure Type: Post Failure Initial Linear Stiffness: 3.2  k/in.
Total Energy: 122.4  k-in.
Post Type: Steel
Post Size: S3x5.7 S76x8.5
Post Length: 44 in. 111.8 cm
Embedment Depth: 16.5 in. 41.9 cm
Orientation: Strong Axis
Material: Steel
Configuration: Design B
Socket Size: 4"x 4"x 3/8"
Impact Velocity: 21.77 mph  (31.9 fps) 9.73 m/s
Impact Height: 25 in. 63.5 cm
Bogie Mass: 1779 lbs 806.9 kg
Acceleration Data: SLICE
Camera Data: AOS-5 Perpendicular - 161"
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Figure B-9. Test No. CP-5D2 Results (EDR-3) 
Test Results Summary
Test Number: CP-5D2 Max. Deflection: 28.6  in.
Test Date: 31-Jul-2012 Peak Force: 8.9  k
Failure Type: Post Bending Initial Linear Stiffness: 1.9  k/in.
Total Energy: 135.0  k-in.
Post Type: Steel
Post Size: S3x5.7 S76x8.5
Post Length: 44 in. 111.8 cm
Embedment Depth: 14 in. 35.6 cm
Orientation: Strong Axis
Material: Steel
Configuration: Design D2
Socket Size: 4"x 4"x 3/8"
Impact Velocity: 20.49 mph  (30.1 fps) 9.16 m/s
Impact Height: 25 in. 63.5 cm
Bogie Mass: 1875 lbs 850.5 kg
Acceleration Data: EDR-3
Camera Data: AOS-5 Perpendicular - 235"
Bogie Test Summary
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Figure B-10. Test No. CP-5D2 Results (SLICE) 
Test Results Summary
Test Number: CP-5D2 Max. Deflection: 28.7  in.
Test Date: 31-Jul-2012 Peak Force: 7.9  k
Failure Type: Post Bending Initial Linear Stiffness: 1.8  k/in.
Total Energy: 122.0  k-in.
Post Type: Steel
Post Size: S3x5.7 S76x8.5
Post Length: 44 in. 111.8 cm
Embedment Depth: 14 in. 35.6 cm
Orientation: Strong Axis
Material: Steel
Configuration: Design D2
Socket Size: 4"x 4"x 3/8"
Impact Velocity: 20.49 mph  (30.1 fps) 9.16 m/s
Impact Height: 25 in. 63.5 cm
Bogie Mass: 1875 lbs 850.5 kg
Acceleration Data: SLICE
Camera Data: AOS-5 Perpendicular - 235"
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Figure B-11. Test No. CP-6D2 Results (EDR-3) 
Test Results Summary
Test Number: CP-6D2 Max. Deflection: 28.9  in.
Test Date: 1-Aug-2012 Peak Force: 10.4  k
Failure Type: Post Bending Initial Linear Stiffness: 4.1  k/in.
Total Energy: 100.9  k-in.
Post Type: Steel
Post Size: S3x5.7 S76x8.5
Post Length: 44 in. 111.8 cm
Embedment Depth: 14 in. 35.6 cm
Orientation: Weak Axis
Material: Steel
Configuration: Design D2
Socket Size: 4"x 4"x 3/8"
Impact Velocity: 20.98 mph  (30.8 fps) 9.38 m/s
Impact Height: 12 in. 30.5 cm
Bogie Mass: 1816 lbs 823.7 kg
Acceleration Data: EDR-3
Camera Data: AOS-5 Perpendicular - 201"
Bogie Properties
Data Acquired
Bogie Test Summary
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Figure B-12. Test No. CP-6D2 Results (SLICE) 
Test Results Summary
Test Number: CP-6D2 Max. Deflection: 30.0  in.
Test Date: 1-Aug-2012 Peak Force: 8.1  k
Failure Type: Post Bending Initial Linear Stiffness: 0.7  k/in.
Total Energy: 64.4  k-in.
Post Type: Steel
Post Size: S3x5.7 S76x8.5
Post Length: 44 in. 111.8 cm
Embedment Depth: 14 in. 35.6 cm
Orientation: Wesk Axis
Material: Steel
Configuration: Design D2
Socket Size: 4"x 4"x 3/8"
Impact Velocity: 20.98 mph  (30.8 fps) 9.38 m/s
Impact Height: 12 in. 30.5 cm
Bogie Mass: 1816 lbs 823.7 kg
Acceleration Data: SLICE
Camera Data: AOS-5 Perpendicular - 201"
Bogie Test Summary
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Figure B-13. Test No. CP-7A Results (EDR-3) 
Test Results Summary
Test Number: CP-7A Max. Deflection: 31.3  in.
Test Date: 2-Aug-2012 Peak Force: 9.9  k
Failure Type: Post Bending Initial Linear Stiffness: 4.4  k/in.
Total Energy: 96.4  k-in.
Post Type: Steel
Post Size: S3x5.7 S76x8.5
Post Length: 44 in. 111.8 cm
Embedment Depth: 14 in. 35.6 cm
Orientation: Weak Axis
Material: Steel
Configuration: Design A
Socket Size: 4"x 4"x 3/8"
Impact Velocity: 21.32 mph  (31.3 fps) 9.53 m/s
Impact Height: 12 in. 30.5 cm
Bogie Mass: 1816 lbs 823.7 kg
Acceleration Data: EDR-3
Camera Data: AOS-5 Perpendicular - 216"
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Data Acquired
Bogie Test Summary
MIDWEST ROADSIDE SAFETY FACILITY
Test Information
Post Properties
Attachment Design
Bogie - Post
-4
-2
0
2
4
6
8
10
12
0 5 10 15 20 25 30 35
Fo
rc
e
 (
k)
Deflection (in.)
Force vs. Deflection At Impact Location
0
20
40
60
80
100
120
0 5 10 15 20 25 30 35
En
e
rg
y 
(k
-i
n
.)
Deflection (in.)
Energy vs. Deflection At Impact Location
-2
-1
0
1
2
3
4
5
6
0 0.02 0.04 0.06 0.08 0.1
A
cc
e
le
ra
ti
o
n
 (
g'
s)
Time (s)
Bogie Acceleration vs. Time
0
5
10
15
20
25
30
35
40
0 0.02 0.04 0.06 0.08 0.1
V
e
lo
ci
ty
 (
ft
/s
)
Time (s)
Bogie Velocity vs. Time
0
5
10
15
20
25
30
35
0 0.02 0.04 0.06 0.08 0.1
D
e
fl
e
ct
io
n
 (
in
.)
Time (s)
Deflection at Impact Location vs. Time
February 12, 2014  
MwRSF Report No. TRP-03-277-14 
168 
 
 
Figure B-14. Test No. CP-7A Results (SLICE) 
Test Results Summary
Test Number: CP-7A Max. Deflection: 31.6  in.
Test Date: 2-Aug-2012 Peak Force: 8.9  k
Failure Type: Post Bending Initial Linear Stiffness: 4.6  k/in.
Total Energy: 85.6  k-in.
Post Type: Steel
Post Size: S3x5.7 S76x8.5
Post Length: 44 in. 111.8 cm
Embedment Depth: 14 in. 35.6 cm
Orientation: Wesk Axis
Material: Steel
Configuration: Design A
Socket Size: 4"x 4"x 3/8"
Impact Velocity: 21.32 mph  (31.3 fps) 9.53 m/s
Impact Height: 12 in. 30.5 cm
Bogie Mass: 1816 lbs 823.7 kg
Acceleration Data: SLICE
Camera Data: AOS-5 Perpendicular - 216"
Bogie Test Summary
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